Introduction
[2] Aerosol light absorption and scattering are the main pathways for particulate interaction with atmospheric radiation. Regions downwind of major urban areas are impacted by light absorbing aerosol, chiefly black carbon from combustion sources, and health, radiation, and cloud lifetime issues are associated with these particles [Andreae, 2001] . These particles may mix into the atmospheric boundary layer, or get lofted into the upper atmosphere by convective processes. Wildland fires also produce black carbon that may very well be transported into the upper atmosphere during large fires. In these cases where aerosol are in the upper atmosphere their characterization cannot be inferred by in situ measurements at ground level.
[3] Black carbon absorbs light across the entire solar spectrum and typically has an inverse wavelength dependence where light absorption at blue wavelengths is greater than it is at red wavelengths. This is not always the case, as was noted recently [Kirchstetter et al., 2004] where evidence was presented that light absorption by wildland fire smoke may have a very different wavelength dependence. Aerosol light absorption, both on the ground and aloft, is most often measured using filter-based methods such as the Particle Soot Absorption Photometer (PSAP), and a new three-wavelength instrument has been developed for both applications .
[4] Measurements aloft are usually undertaken on rare occasions when groups assembled to analyze particular hypotheses initiate an intensive operational period. An exception to this is the program at the Department of Energy Atmospheric Radiation Program Climate Research Facility Southern Great Plains site, denoted simply as the SGP in the remainder of this paper. Aerosol light scattering and PSAP absorption measurements are measured routinely in the boundary layer over the SGP using an unpressurized single-engine light aircraft. This program may grow in coming years, both in terms of the number of measurements and in the aircraft capability. One finding of this routine sampling program aloft is an indication that aerosol single scattering albedo systematically diminishes with height. Single scattering albedo is defined as the ratio of light scattering to the sum of light scattering and absorption, also known as extinction. The significance of this finding is that such an effect would stimulate relative heating of the atmosphere at levels above the ground where clouds try to form, and would tend to shadow the ground from direct radiative forcing by sunlight with potential implications to reductions of photosynthetic plant growth and the initiation of convection. Aerosol amount at the SGP is usually modest, though can be larger during episodes where farmers burn local fields [Sheridan et al., 2001; Arnott et al., 2003b] . Aerosol amount, and the potential for strong aerosol impacts, is much larger in places like Brazil where the rain forest is being cleared by the slash and burn method [Reid et al., 1998 ].
[5] The most common method of aerosol light absorption measurement involves use of a filter to sample ambient air and an optical source and detector to determine the change in filter transmittance or reflectance due to particulate matter deposited on the filter since the previous optical measurement. Filter optical transmittance measurement is the most common of analytical method and single-and multiplewavelength versions of these instruments are commercially available, called Aethalometers by Magee Scientific, and PSAP's by Radiance Research. Aethalometers are calibrated by the manufacturer to provide black carbon mass concentration, though recent efforts have sought to interpret data from these instruments also in terms of aerosol light absorption [Weingartner et al., 2003; Arnott et al., 2005b] . Single-wavelength PSAP's have been calibrated to provide aerosol light absorption measurements [Bond et al., 1999] , and a new three-wavelength prototype has been developed and calibrated during the Reno Aerosol Optics Study . It is this new prototype that will be compared in this paper with photoacoustic measurements of aerosol light absorption aloft. It has been recognized that the optical characterization of particles on quartz fiber filters common to these instruments formally involves multiple scattering theory [Horvath, 1997; Gorbunov et al., 2002] , and that nonabsorbing aerosol gives rise to an apparent absorption equal to roughly 2% of the scattering coefficient [Bond et al., 1999; Arnott et al., 2005b; Virkkula et al., 2005] . A strong motivation for use of the photoacoustic instrument on aircraft is to provide a separate method for aerosol light absorption measurement that does not employ filters, and a method that can have its calibration evaluated using light absorbing gases such as NO 2 [Arnott et al., 2000; Sheridan et al., 2005] to compare with the more commonly used PSAP, and to characterize the atmosphere.
[6] It should be noted that filter-based measurements of aerosol light absorption are quite sensitive, as the multiple scattering enhancement of light absorption by the filter substrate amplifies the absorption signal, yet the challenge is to provide suitable calibration. The largest remaining unknown factor is the effect of particle distribution in the filter since a monolayer of particles sitting on the filter surface will have an optical effect quite different from the same particles embedded uniformly throughout the filter. A new filter-based instrument has been developed as the Multiple Angle Absorption Photometer (MAAP) by Thermo Electron that measures both filter transmission and reflection at numerous angles to better constrain the energy budget for the optical interaction of the filter and particles [Petzold and Schönlinner, 2004; Petzold et al., 2005] by obtaining absorptivity from (1 À filter transmissivity À filter reflectivity). The MAAP does not require ancillary use of a nephelometer for determination of the scattering coefficient needed to correct filter transmission measurements as does the PSAP and the Aethalometer.
[7] Surface measurements of aerosol light absorption in the ambient, and from source samples, by the photoacoustic method, have been reported by several groups [Bruce and Pinnick, 1977; Terhune and Anderson, 1977; Japar and Killinger, 1979; Roessler and Faxvog, 1980; Japar and Szkarlat, 1981; Roessler, 1984; Adams et al., 1990a Adams et al., , 1990b Petzold and Niessner, 1992 , 1994 Moosmüller et al., 1998; Arnott et al., 1999 Arnott et al., , 2003b Arnott et al., , 2005b . While this list covers the flavor of most previous efforts, it is not meant to be complete. However, no references have been found for previous measurements of aerosol light absorption aloft from a meteorological aircraft by the photoacoustic method, but are reported in this paper. It should be noted that a remarkable report has been made of photoacoustic measurements of water vapor and NO concentrations at an altitude of 28 km using a large tethered balloon system that was operated by the National Center for Atmospheric Research and flew out of Palestine Texas [Patel et al., 1974] .
[8] An extensive literature exists on photoacoustic trace gas detection and it is relevant to discuss the general merits of this spectroscopic method. Use of high-quality microphones (e.g., 1 00 diameter capacitive versions that polarize the plates with an externally provided 200 V) as detectors gives a dynamic range for acoustic pressure measurements from around À40 dB (Re 20 mPa) to around 135 dB (Re 20 mPa). The acoustic signal at the low end of this range is 2 Â 10 À7 Pa, and as light absorption levels aloft generally are low, it is a challenge to accurately quantify such low sound pressure values. These detectors are completely colorblind in that they can be used with radiant energy at any wavelength, are stable over many years, and a well-aligned unit has negligible background. Relatively simple acoustical shielding and use of analog acoustic filters to block certain frequency ranges can allow these instruments to be used for source sample measurements for even very loud tethered jet aircraft [Arnott et al., 2005a] . At the low signal level phase sensitive lock-in amplifier detection and large laser power are additionally needed to optimize sensitivity.
[9] This paper is organized as follows. Section 2 covers the acoustical issues associated with use of resonant photoacoustic instruments aloft in an environment where ambient pressure can change rather quickly. This discussion is rather technical and is specialized toward instrument issues so the reader eager for intercomparisons of filter-based measurements with photoacoustic values can skip this section on a first read and go directly to the next section. Examples are given in this next section illustrating measurements aloft above the atmospheric boundary layer of distinct layers of aerosol light absorption from wildland fires at source locations an ocean and 1/2 of a continent away from the observation area. Further examples illustrate use of the instrument to characterize locally intense plumes of aerosol light absorption from very dark smoke emitted during a fuel oil fire and from very bright smoke from a wildland fire.
Resonant Photoacoustics Aloft: Acoustical Considerations
[10] Photoacoustic instruments have been used both in source and ambient sampling of light absorbing aerosol. Sample air is pulled continuously through an acoustical resonator and is illuminated by laser light that is power modulated at the acoustical resonance frequency. Light absorption results in particle heating and this heat transfers rapidly to the surrounding air, inducing periodic pressure fluctuations that are picked up with a microphone on the resonator. This is a rather generic description of the photoacoustic method, though key points about the ability to sample continuously, to accommodate microphone calibration by balancing the static pressure on both sides of the membrane, and to acoustically shield the instrument from background noise and coherent window light absorption signals can be found elsewhere [Rosengren, 1975; Arnott et al., 1999 Arnott et al., , 2003a Arnott et al., , 2005a .
[11] The photoacoustic instrument operates at a convenient wavelength of 676 nm where gaseous interference is negligible and where a diode laser source is available that allows for direct electronic modulation of the optical power at the resonator frequency. The laser power is around 500 mW at the operating acoustical resonance frequency of nominally 1500 Hz, and the laser is fiber-coupled to the resonator. The multimode fiber output is collimated with a lens attached to the fiber end. The lens is attached directly to the resonator to minimize effects of aircraft vibration on optical alignment, though as the beam did not proceed completely cleanly through the resonator a background signal of around 10 Mm À1 was observed from absorption of light by the resonator walls. A misaligned system produces a very large amount of stray light in comparison with the aligned system where light scattering particles are present. The lens system used at the time of these experiments had no alignment capacity, though in later work employing a more sophisticated lens system, stray radiation has been eliminated.
[12] It has been demonstrated that ammonium sulfate aerosol of a pure scattering nature at 532 nm, with negligible light absorption, produce negligible photoacoustic signals [Arnott et al., 2005b; Sheridan et al., 2005] In any case, the slightly misaligned photoacoustic instrument with a relative broad laser beam diameter necessitated background subtraction through the use of a motorized valve that switched between sample air and air filtered of particles, and the valve position was automatically changed under computer control as part of the operation of the instrument control software. Data were acquired at a rate of 1 Hz and instrument zeros were obtained every 500 measurements. The background measurement was time averaged over 10 measurements to improve the signal-tonoise ratio for background determination. It should be noted that in other instances a properly aligned system with a clean laser beam from a solid state laser at 532 nm exhibited negligible background so no background subtraction was necessary [Arnott et al., 2003b] .
[14] Photoacoustic signal background could generally arise from two sources. Electronic background could arise from bleed of the modulation square wave signal to the microphone data acquisition channel. This background source would be independent of pressure and temperature. On the other hand, stray laser light being absorbed somewhere, for example on a window or on the resonator wall, could give rise to a background photoacoustic signal that is dependent on the thermodynamic conditions of the gas in the resonator. Extensive tests have demonstrated that the electronic background is negligible. The goal of the remaining section is to develop an understanding of the operation of the photoacoustic instrument aloft where pressure, relative humidity, and ambient temperature may change dramatically on timescales of minutes. Photoacoustic light absorption is obtained from
where P mic is the microphone pressure, P laser is the laser power, A res is the cross-sectional area of the resonator, g is the ratio of isobaric to isochoric specific heats, f 0 is the resonance frequency, and Q is the quality factor of the resonator [Arnott et al., 1995 [Arnott et al., , 1999 [Arnott et al., , 2000 [Arnott et al., , 2003b Raspet et al., 2003] . The first form of equation (1) indicates the explicit dependencies on pressure, temperature, and RH. Relative humidity, temperature, and pressure are measured downstream of the photoacoustic resonator. The resonance frequency and quality factor are also measured every 100 to 200 s using a piezoelectric transducer attached to the resonator. The resonance scan is accomplished in about 3 s as 5 points are used at different frequencies along with a routine to determine the resonance frequency and quality factor from a fit of the resulting curve to a theoretical expression with 3 parameters. The third parameter is the peak acoustic pressure at resonance. Though it is not needed in equation (1) to determine light absorption, it is very useful to have available as a means of quantifying microphone calibration and performance over time, and its dependence on ambient conditions is a good check on the viability of making sound pressure measurements aloft.
[15] Equation (1) indicates that several parameters are a function of relative humidity (RH), temperature and pressure. It is instructive to consider the dependence of these thermophysical parameters on environmental conditions of temperature, pressure and RH. First, define the fraction of water vapor molecules as h, and note that it is given by
where the saturation vapor pressure of water vapor at temperature T is
with a = 17.269, b = 35.860, and T 0 = 273.15 for T > 273.15 K. The value of g for moist air is
Consider a relatively extreme example of air being fully saturated at temperature of 30 C and a total air pressure of 500 mb. The saturation vapor pressure is e % 42 mb, and h = 0.084. The value of (g À 1) for dry air is 0.4, while for moist air it is 0.3934, for a percentage difference of less than 2%. In other words, the variation of g with air pressure and relative humidity in the photoacoustic equation (1) is generally negligible, though of course one could easily take it into account since the requisite measurements to obtain it are available.
[16] The speed of sound in moist air is
where R is the universal gas constant and MKSA units are used [Bohn, 1988] . The denominator of equation (5) is the average molecular weight of moist air, and equation (4) arises from the water vapor molecules having one more degree of rotational freedom than the main diatomic constituents of air. The density of moist air, r, is
The resonator quality factor can be expressed as
where acoustic boundary layer losses occur in the thermal and boundary layer thickness
respectively, and r = 0.838 cm is the resonator radius, and L = 22.5 cm is the resonator length. The term involving resonator length is due to dissipation of thermal energy in the boundary layer at the ends of the resonator. No viscous energy is dissipated here. A similar expression applies to radial wave acoustical resonators [Kamm, 1976] . In equation (8), h is the viscosity of the moist air, k is the thermal conductivity, c p is the isobaric heat capacity per unit mass, and N pr = hc p /k is the Prandtl number. The Prandtl number of dry air at standard conditions is approximately 0.7. Other fractional losses in equation (7) might include microphone flexing due to its compliance, bulk acoustic losses in the gas mixture, and possibly other fluid dynamical motions of the gas such as vortex generation at the relatively sharp corners in the resonator section that occur where the resonator takes a perpendicular corner [Arnott et al., 2003a [Arnott et al., , 2005a . In general, the other fractional losses in the bulk of the gas [Johnson et al., 1981] are due to free-space viscous and thermal damping and are small compared to the losses of fluid kinetic energy associated with the viscous boundary layer and fluid potential energy associated with the thermal boundary layer at the resonator wall, as the Q is a relatively modest value of around 73.
[17] The resonator quality factor associated with transport losses of thermal conduction and viscosity can be expressed as
neglecting the relatively small term in equation (7) associate with the resonator length. The resonator is operated in an acoustical mode such that one full acoustic wavelength is spanned by the resonator length L % 22.4 cm. For example, the measured value in equation (7) is Q % 73, with calculated Q transport = 98 and inferred Q loss = 300 for one atmosphere pressure and 20 C. The condition for resonance can be approximated roughly by considering wave propagation in a lossy resonator , and taking the real part of the complex propagation constant times the resonator length equal to 2p. This approach assumes that the boundary conditions at the resonator ends are that the acoustic velocity goes to zero. However, because of dissipation of acoustic potential energy at the resonator terminations in the thermal boundary layers at the microphone and piezoelectric transducer, this boundary condition is only approximate. This effect is small for the resonator discussed here. The resonance frequency can be expressed in terms of the sound speed, quality factor, and resonator length as
assuming that the frequency shift is due entirely to wall absorption [Johnson et al., 1981] . A lossless acoustical resonator would have resonance frequency f 0 = c/L.
[18] Equations (9) and (10) show that the primary variation of the resonator quality factor and resonance frequency scales as the square root of the ambient pressure,
The temperature for the measurement is actually the instrument temperature rather than the ambient temperature of the outside air, so temperature variations are less of an issue than pressure variations. Relative humidity changes will have a secondary effect on these resonator parameters as the aircraft cabin is heated.
[19] The model for photoacoustic signals contains two components,
where the background measurement is made at pressure P bg , and temperature T bg when the instrument samples filtered air. This model assumes, for good reason, that the background signals are due to the laser beam making sound from a stray reflection rather than the background being associated with a pressure-and temperature-independent electronic bleed. Tests made with the instrument on the ground verify this model. The air parcel density is corrected to first order in the first term of equation (12), though drastic changes in RH over short time spans could have a second-order density effect. The best way to deal with the background is to align the laser beam so that this term is negligible, though occasional background measurements are advisable to confirm that this condition holds true. If this is not possible, then the background signal, measured at pressure P bg , and temperature T bg must be computed at other pressures and temperatures with equation (12).
[20] The acoustical resonator is periodically calibrated for determination of Q and resonance frequency by use of the piezoelectric transducer. The microphone pressure as a function of the piezoelectric transducer velocity, v 0 , and displacement D 0 = iv 0 /w can be expressed as
where k is the complex propagation constant, given by
Here Q can be obtained directly from equation (7), or from measurements when the frequency is restricted to the near vicinity of a resonance. Expansion of the acoustic pressure in equation (13) about the resonance condition Real(kL) = 2p gives the familiar frequency dependence
In practice calibrations with the acoustic transducer are fit to the magnitude of the acoustic response expressed simply as [Arnott et al., 1995] 
where P o is the peak pressure at resonance where f = f 0 , and is given by
The quality factor Q and the resonance frequency obtained from the fit of equation (16) to measurements are used directly in the photoacoustic equation, equation (1). The resonance frequency can be obtained with an accuracy and precision better than 1 part in 1500, and the quality factor as 1 part in 150. The peak acoustic pressure at resonance given in equation (16) is useful for evaluating the microphone calibration stability as well as investigating the microphone response as a function of ambient pressure, temperature, and relative humidity.
[21] Figure 1 shows the acoustical resonator properties during a typical flight from the Department of Energy Atmospheric Radiation Program Intensive Operational Period (DOE-ARM IOP) on 27 May 2003. More details about the nature of this IOP will be given in the next section, though for current purposes it suffices to mention that this flight traversed an altitude range of around 500 mb, and various layers having different relative humidity were encountered. The relatively weak dependence given in equation (11), and periodic acoustic calibrations appear sufficient to keep the resonator in calibration during flight. Figure 1a shows the peak acoustic pressure obtained from the fit of equation (16). The quality factor and resonance frequency are shown in Figures 1b and 1d , respectively. Note in Figure 1b the relatively systematic dependence of the quality factor with altitude, appropriate for the simple pressure dependence given in equation (11). The resonance frequency in Figure 1d has a dependence both on ambient pressure, through the dispersion associated with the boundary layer dissipation, as well as on the instrument temperature and relative humidity through the sound speed given by equation (5), resulting in the spread of values shown in Figure 1d . The resonator time constant is a measure of the time it takes to build up a standing wave in the acoustical resonator, and the time it takes for such a wave to decay, and is proportional to the ratio of the resonator quality factor and resonance frequency. It is shown in Figure 1c , and is seen to be less than 50 ms. An excessively large time constant would interfere with the ability to determine the vertical profile of light absorption, but this value is quite modest. The flow time constant for changing the sample air in the instrument is 1 s, and so dominates the time response of the instrument. A refinement of the operating procedure would be to use the measured values of RH, ambient temperature, and ambient pressure to dictate how often an acoustic calibration should be accomplished. For example, it would be best to calibrate more often during spiral ascents or descents, and less often during level flight. Overall it seems best to do the acoustic calibration as often as needed rather than to rely on the detailed model for the quality factor and resonance frequency to interpolate between measurements, as the acoustic calibration takes only about 2 s.
[22] The combination of equations (7) and (11) give a model derived fit for the dependence of the quality factor on ambient pressure. Figure 2 shows measurements and the model fit for simulated measurements aloft accomplished by using a valve at the instrument inlet to reduce pressure inside of the instrument when the sample pump is operated. This model fits the measurements quite well, and could be used to verify measurements aloft.
[23] Figures 3 and 4 show a comparison of the approximate (equation (15)) and full models (equation (13)) for the frequency response of the acoustical resonator. The purpose of showing Figure 3 and 4 is to evaluate the appropriateness of using the approximate model, given that it is used in practice to obtain the resonance frequency, quality factor, and peak acoustic pressure. Figure 3 shows that the approximate model captures the magnitude of the frequency response. The phase difference between the piezoelectric source used for this acoustic calibration and the microphone response is shown in Figure 4 . The phase error is within around 1 degree for the approximate model. It should be noted that in practice, phase sensitive detection is used to obtain light absorption from the photoacoustic equation, equation (1). The complex ratio of microphone pressure and laser power is calculated, and the real part of this ratio is used in equation (1). In other words, the part of the microphone pressure in phase with the laser power modulation is due to light absorption and not random noise. The variation of the phase with resonant frequency is important to understand since acoustic calibration is obtained at fixed intervals, and the phase variation could disrupt phase sensitive detection if not accomplished often enough.
[24] Figure 5 shows a comparison of measurements of the peak acoustic pressure at resonance compared with model results from use of equation (17), as a function of ambient pressure in the range from 400 mb to 1000 mb. The ambient pressure was adjusted over the range 400 mb to 1000 mb with use of a valve over the input to reduce the pressure inside of the instrument when the pump is turned on. The linear behavior of the measured peak acoustic pressure shows that the microphone calibration does not vary with ambient pressure, and is an important result that shows that light absorption measurements aloft with the microphone are accurate. It also shows that the method used for the microphone static pressure equilibration works well. The potential issue is that reduction of the static pressure might pull the pliable microphone membrane away from the fixed plate that forms the second plate of the capacitance microphone, and thereby change the microphone calibration. The agreement of measured and model results shown in Figure 5 shows that this effect does not happen given that the instrument was designed to avoid this issue. A more subtle point is that the microphone membrane damping could also be changed when the composition of the air (that is, the air density, as the air is intentionally dried to avoid humidity issues that might affect the microphone preamplifier) on the backside of the microphone changes, and this could affect the frequency response of the microphone and its noise characteristics. The piezoelectric velocity amplitude and (15), and the thick curve is from the full form of equation (13). [25] In summary, the acoustical performance of the resonant photoacoustic instrument is adequate and characterized well enough for accurate measurements of the aerosol light absorption coefficient aloft. The instrument was housed in a standard 19 00 equipment rack for these measurements and the rack space was around 30 00 or 76 cm. The power requirement, excluding the community pump that was used for a number of instruments, was 100 W, and the instrument weight was 150 lbs, or around 68 kg.
Photoacoustic Measurements of Aerosol Light Absorption Aloft
[26] Examples are given in this section for measurements of aerosol light absorption aloft during several field campaigns. Comparisons will be made with measurements made with a modified Particle Soot Absorption Photometer (PSAP) originally manufactured by Radiance Research. A description of the modified PSAP and its calibration will be presented first, and measurements of smoke light absorption from long-and short-range transport of aerosols from fires will be provided in the following subsections.
Modified Three-Wavelength Particle Soot Absorption Photometer
[27] The original PSAP operates at 550 nm. Measurements require knowledge of the spot size on the filter where particles are deposited and where the light source shines through the filter to the optical detector, and of the sample flow rate to determine the concentration of aerosol light absorption cross section. Particles deposited in the filter reduce the optical transmissivity of the filter, and it is this incremental change of transmissivity that is related to aerosol light absorption. Particles that scatter light also cause a reduction in filter transmissivity, though not through light absorption, but because these particles increase the light reflected by the filter-particle combination, and reduce the light transmission. The scattering effect is typically small, amounting to 2% of the scattered light by particles needing to be subtracted from the PSAP signal to correct for it, at least for the original PSAP [Bond et al., 1999] . This correction can be a substantial fraction of the PSAP signal when the single scattering albedo is close to unity, or equivalently when the aerosol composition is such that scattering dominates absorption. The manufacturer also applies a filter-loading correction function to the data to take into account the reduction of the filter multiple-scattering enhancement factor as the filter loads up with particles. This is analogous to the factor derived recently for the Aethalometer filter sampler [Arnott et al., 2005b] . The airflow through the PSAP takes sample air first through the sample filter where particles are deposited, and next through the reference filter that is used to normalize the PSAP optical source power. The air stream is first dried before measurement with the PSAP as a caution against optical effects associated with water vapor absorption by the backing of the filter and by particles already on the filter [Arnott et al., 2003b] . The original PSAP has been used previously to measure aerosol light absorption while sampling aloft from meteorological aircraft [Anderson et al., 2003 ].
[28] The modified PSAP operates at three nominal wavelengths (467 nm, 530 nm, and 660 nm) provided by LED sources . This instrument uses the same filter sampling system as the original PSAP though the detection electronics and optical configuration have been modified. The first model of the modified PSAP was evaluated and calibrated during the Reno Aerosol Optics Study (RAOS) Virkkula et al., 2005] , though subsequent modifications were applied to homogenize the light source in the time between RAOS and the aircraft campaigns discussed here. While it is not known for certain that the RAOS calibration of the modified PSAP also applies to the instrument used in the aircraft campaigns, the main results of the RAOS calibration are employed here to provide values for the PSAP consistent with its most recently completed calibration. The original PSAP calibration [Bond et al., 1999] applied to the light absorption value at 660 nm was shown to give numbers too large by a factor of 1.26 for the RAOS data set , and a more sophisticated data processing algorithm that takes into account both the particle scattering coefficient and single scattering albedo was developed . The RAOS data set also showed that for aerosol single scattering albedos greater than about 0.8 the 660 nm wavelength calibration made by first applying the original calibration, and then division by the factor 1.26 was reasonable. This is the approach taken here to derive PSAP aerosol light absorption coefficients at 660 nm to compare with photoacoustic values at 676 nm. The scattering correction was determined, when possible, from interpolations of the aerosol scattering coefficients at 550 nm and 700 nm made with the TSI nephelometer. Cases where scattering corrections are unavailable are clearly distinguished in the following sections.
Aerosol Light Absorption by Smoke Transported From Siberian Forest Fires to North Central Oklahoma Observed Aloft During the DOE-ARM IOP
[29] An IOP (Intensive Observational Period) was conducted at the Department of Energy's Atmospheric Radiation Measurement (ARM) Southern Great Plains Site in north central Oklahoma, in May 2003. The goal of this IOP was to gain improved understanding and model-based representation of aerosol radiative influences. The IOP used ground and airborne measurements of aerosol absorption, scattering, and extinction over the ARM SGP site to characterize the routine ARM aerosol measurements, and to help resolve differences between measurements and models of diffuse irradiance at the surface. More information about the IOP, and about the DOE-ARM program in general can be found at http://www.arm.gov. The aerosol IOP was conducted between 5 and 31 May 2003 over the ARM SGP site. There were a total of 16 science flights, for a total of 60.6 flight hours, conducted with the CIRPAS Twin Otter aircraft on 15 days during this period. Most of the Twin Otter flights were conducted under clear or partly cloudy skies to assess aerosol impacts on solar radiation. Several new and/or upgraded instruments were deployed over the ARM SGP for the first time during this mission. Examples of the new instruments include a cavity ringdown cell (NASA Ames) that measured aerosol extinction and the photoacoustic instrument that is the subject of this paper. A more comprehensive overview of the IOP has been prepared [Ferrare et al., 2006] , and a thorough analysis of the intercomparison of aerosol light absorption measurements aloft by the PSAP, difference of extinction and scattering, and photoacoustic measurements for flight legs through the entire IOP is available [Strawa et al., 2006] .
[30] Aerosol optical properties aloft have been reported previously using this Twin Otter aircraft [Wang et al., 2002] . This unpressurized aircraft has a community inlet formed by an inlet tube of diameter around 10 cm that protrudes from the fuselage above the pilots cabin and forward of the aircraft. The inlet is equipped with an attachment to slow the flow of sample air down the tube. Sample air is obtained from a series of flush-mounted ports veering off at an angle of approximately 45 degrees from the incoming air. A flow damper is attached to the back of this tube to maintain a linear speed of 7 m/s for the sample air coming down the tube. It is important to note that the sample air in the community inlet is at a pressure above ambient as a result of the flow damper, so that instrument leaks are less of a concern than would be experienced for use of pressurized aircraft [Anderson et al., 2003] . The photoacoustic instrument was housed in the rear of the aircraft approximately 2.5 m away from its sample port on the community inlet, and was connected to the inlet with nominal 6 mm ID conductive tubing. The flow rate down the sample line tubing was 8 LPM, and 1 LPM was picked off and sent to the photoacoustic instrument. Flow rates were determined by the use of critical orifices. It should be noted that ground-based characterization of the inlet was accomplished through use of a blower to deliver dried ammonium sulfate aerosol prepared as during the Reno Aerosol Optics Study . A TSI 3563 nephelometer was attached to the community inlet with a very short sample line of around 40 cm length, and another instrument of the same type was used to sample from the sample line used for the photoacoustic instrument. When operated at the flow rate used for the photoacoustic instrument the difference in scattering measurement was less than 5% for these two nephelometers.
[31] As will be discussed further below, the photoacoustic instrument had higher noise when the aircraft was close to the ground and was experiencing turbulent conditions, likely as a result of pressure fluctuations at the inlet of the tube to the aircraft that propagated downstream to the photoacoustic instrument. The instrument worked best at altitudes above the boundary layer. Even though these were likely low-frequency pressure fluctuations outside of the operating frequency of the photoacoustic instrument at 1500 Hz, they did cause the automatic ranging microphone preamplifier to overload at normal gains of 100 to 200, and to run at times with gain as low as 10. Instrument noise is dominated by acoustic and microphone noise when the preamplifier is operated at or above Figure 6 . Aerosol light absorption was computed for an air parcel at standard conditions, same as in Figure 6 . Note the distinct layer between 3 and 4 km and a more diffuse layer above, separated by a clean layer. a gain of 100, and at a gain of 10 the noise inherent in the data acquisition system dominates. An acoustic resistor was placed at the inlet of the photoacoustic instrument to mitigate and dampen the ambient pressure fluctuations observed in the boundary layer. This resistor was simply a brass tube of 2 mm ID and length 4 cm. Pressure fluctuations are dampened by this resistor owing to viscous dampening effects in the acoustic boundary layer. Finally, in aircraft operations undertaken in programs after those reported here, a 300 Hz electronic high pass filter was applied directly to the microphone signal at the microphone power supply, and the programmable preamplifier was operated with a 12 dB/octave high pass filter with cut point set at 1 kHz. These electronic measures were sufficient to make photoacoustic light absorption data quality equivalently good at all levels of the atmosphere even without the use of an acoustic resistor. The air stream was dried below an RH of 40% before the TSI Model 3563 nephelometer received the sample air. The PSAP and nephelometer combination was used on the Twin Otter in the same manner as it was previous used on the National Center for Atmospheric Research C-130 aircraft during ACE-Asia [Anderson et al., 2003] .
[32] Elevated aerosol extinction was observed over the ARM SGP site in layers above the atmospheric boundary layer, 2 -5 km above the surface. On 27 May 2003, and other days near this time, these layers were the result of the transport of smoke from intense Siberian fires a continent and ocean away from Oklahoma [Damoah et al., 2004] . This smoke in fact circumnavigated the globe in about 17 days. It was also perhaps the most interesting event recorded during the aerosol IOP, and it is fitting to use it here as a first published example of photoacoustic aerosol light absorption measurements aloft from meteorological aircraft. These sorts of layers are especially important to understand as they typically are unrelated to ground-based measurements, and yet can have a significant climate impact. Figure 6 introduces the aerosol optics associated with these layers. The ''potential'' aerosol scattering coefficient at 700 nm as measured with the TSI nephelometer and processed to be relevant for an air parcel at temperature of 273.15 K and a pressure of 1013.25 mb is shown as a function of altitude. Note the distinct layer between 2 and 4 km, the clean layer between 4 km and 4.8 km, and finally another layer above 4.8 km. Note also that the atmosphere seems to be well mixed below 2 km, and that in situ ground-based measurements of aerosol scattering coefficients would not give any information about the layers above. Figure 6 also shows the aerosol single scattering albedo at 700 nm at computed from the ratio of particle scattering to extinction coefficients. Nephelometer scattering and PSAP absorption at 660 nm (extrapolated to 700 nm by multiplication with the factor 660/700 thus assuming an inverse wavelength dependence for light absorption) were summed to obtain extinction. Note that the first layer above 2 km has a single scattering albedo of around 0.95 though with some fluctuations up to 0.99.
[33] Photoacoustic measurements of aerosol light absorption at 676 nm from the Twin Otter aircraft are shown as a function of altitude in Figure 7 . Multiple passes through the same level were performed. Note the existence of the same layers observed in the scattering coefficient measurements shown in Figure 6 , and the relatively clean layer between about 4 km and 4.8 km. The higher levels near the surface were obtained when the aircraft was loitering near the ground or on the runway. Data were acquired every 3 s and a running average of 40 consecutive points was applied to the data shown in Figure 7 to smooth them. Figure 8a shows a time series of photoacoustic and PSAP aerosol light absorption measurements at 676 nm and 660 nm, respec- Figure 8 . (a) Time series of photoacoustic and PSAP aerosol light absorption for an air parcel at standard conditions for the case also shown in Figure 6 . The PSAP values were calibrated using the results of the Reno Aerosol Optics Study. Note generally good agreement for the layers and more discrepancy when the aircraft was closest to the ground as in the relative minima before 147.7 and in the vicinity of 147.8. (b) Scatterplot for a data subset of the time series shown in Figure 8a . The subset was chosen from all data where the ambient pressure was below 750 mb.
tively, that is another representation of the data in Figures 6 and 7. The two instruments tend to show agreement at peak values, associated with passage through the layers illustrated in Figure 6 , though also show larger disagreement in the minima between Julian day 147.65 and 147.7. Yet in the minima before and after Julian day 147.75 better agreement is found.
[34] Figure 8b shows a scatterplot of a data subset from the time series in Figure 8a . The subset represents all data when the aircraft is at an altitude where the ambient pressure is below 750 mb, so that the data subset includes the layers illustrated in Figure 7 , and it excludes data from near the surface where the photoacoustic data quality is less adequate, as described below. A linear regression was applied to these data and a modest correlation is indicated. The offset is relatively small, though is within the precision of the measurements. This scatterplot illustrates the comparison of photoacoustic and PSAP measurements of aerosol light absorption under low to modest aerosol amounts. The relative scatter is indicative of the current state of the measurement science and is considerably greater than typical for ground-based comparisons. By considering the data in the range from À1 to 1 Mm À1 , the uncertainty in the photoacoustic values is about 1 Mm
À1
, and those of the PSAP are around 0.5 Mm
, though keep in mind that the PSAP has a significant response to scattering aerosol, and that imprecise subtraction of the scattering offset can give rise to an appearance of decent precision if some of the scattering influence remains present even after subtraction, and if the overall aerosol loading correlates with the black carbon fraction. The uncertainty in photoacoustic values scales inversely with laser power, so that current state of the science instruments employing three times the laser power that have been developed since this campaign have uncertainties around 0.4 Mm À1 with 1 s integration time when operated in the laboratory, and should produce uncertainties less than 0.5 Mm À1 when operated in the manner of the data illustrated in Figure 8b ). At this point we can state that the instruments agree within ±40% of each other when operated aloft though it is premature to state which instrument has actually delivered the ''right answer'' given that operation of measurement standards on the ground is more certain than when they are operated aloft.
[35] Figure 9 sheds light on perhaps the reason that this discrepancy of instrument comparison is found in the minima. A figure of merit for the photoacoustic measurements can be defined as the programmable preamplifier gain divided by the noise equivalent aerosol light absorption coefficient. The programmable preamplifier is constantly adjusted by the instrument software to keep the peak voltage close to 1 volt at the a/d card input. Massive pressure fluctuations in the boundary layer turbulence is thought to cause low-frequency pressure fluctuations as discussed earlier, and as a consequence, the need to run the preamp at lower gain. The noise equivalent aerosol light absorption coefficient is determined at every photoacoustic measurement of aerosol light absorption, and is computed as follows. The photoacoustic instrument operates at 1500 Hz, and typically has a Q of around 70. The bandwidth associated with the acoustic resonance is around 22 Hz. Each measurement of aerosol light absorption is accomplished by first acquiring 1 s of time domain microphone signal at a sampling rate of eleven times the resonant frequency. Then a complex Fourier transform is applied to this time domain signal, after a Hamming window is applied to it. The Fourier component at 1500 Hz is the light absorption signal, and the rest of the Figure 9 . Time series of the photoacoustic data quality metric and its relationship with aircraft altitude. The aircraft was on the runway during the period before time 147.6. Note that data quality is highest when the aircraft was at its highest elevations and was lowest when the aircraft was near the ground. It is likely that turbulence in the lower levels degraded data quality, though in later efforts this effect was mitigated by use of an improved electronic high pass filter. acoustic energy within the band pass of the resonator is the resultant noise associated with actual acoustic sources of noise, and electronic noise of the remaining system from the microphone to the microphone power supply, and on to the programmable preamplifier and the a/d card in the computer. The magnitude of the Fourier spectrum, excluding the resonance peak and its shoulders, is first weighted by the inverse of the magnitude of the resonator response function given in equation 16 so that all spectral values have equal contribution to the average next applied to the spectrum. This noise equivalent pressure is then processed as if it were a pressure at the operating frequency, and a light absorption value is computed for it using equation (1). It has been demonstrated in many laboratory situations that the noise equivalent light absorption coefficient is a bounding value such that when filtered air is used in the instrument, and it is aligned well or zeroed, the time series of light absorption values have a random phase that gives values that eventually cover the entire range of ± the noise equivalent light absorption coefficient. The photoacoustic data quality is highest when the instrument is in the aircraft on the ground, and by looking at the time series of the aircraft altitude also shown in Figure 9 as the dashed curve, it is apparent that photoacoustic data quality is lowest when the aircraft is closest to the ground.
[36] Now going back to the PSAP and photoacoustic comparison in Figure 8 , the largest discrepancies in the minima happen at precisely these times, around Julian day 147.7 and 147.8, when the aircraft is closest to the ground.
It is probably expected that the measurements close to the ground would be relatively homogeneous on a well-mixed day in the atmospheric boundary layer if no strong local sources are present, and it is likely that the oscillations in the photoacoustic data at these times are due to the lower data Figure 10 . Time series of minute-averaged photoacoustic and PSAP filter-based aerosol light absorption for particles generated by an oil fire in Moss Landing, California. In-plume measurements were accomplished at an altitude of around 230 m above ground level, and the plume was very dark, indicating a low single scattering albedo. A filter change on the PSAP was accomplished at around 21:30. Note that the PSAP data were not corrected for scattering offset, though this correction for such a dark aerosol makes little effect. quality at these times. In defense of the photoacoustic measurements, later work after that reported here has demonstrated that much higher photoacoustic data quality can be obtained at all times by first directly applying a 300 Hz high pass filter to the microphone, and then using a 12 dB/octave high pass filter with a cut point at 1 kHz, and the acoustic resistor does not have to be used. Also, more laser power translates into greater photoacoustic sensitivity, and the laser power could be increased by a factor of 5 more than employed here before issues associated with particle heating become important.
Aerosol Light Absorption From Local Fires
Observed Near Monterey, California, During the Coastal Stratocumulus Imposed Perturbation Experiments (CSTRIPE)
[37] CSTRIPE was a field experiment designed to quantify the effect aerosol has on the microphysics, precipitation and dynamics of marine stratocumulus (MSc). The CIRPAS Twin Otter aircraft was deployed in a three week mission off the coast of Monterey, California, in July 2003, 1 month after the end of the IOP in Oklahoma. The same photoacoustic instrument was used again on the Otter during this mission. A secondary objective of this study was to quantify black carbon emissions downwind of major sources such as large metropolitan areas, or unique targets of opportunity such as wildland fires. The Otter instrument package was changed between the ARM-IOP and C-STRIPE. For example, the emphasis shifted from heavy concentration on aerosol optics to an emphasis on aerosol chemistry. The TSI and Radiance research nephelometers were removed from the aircraft and were replaced with an Aerodyne mass spectrometer. However, the same PSAP instrument used during the ARM IOP was again employed during C-STRIPE. Sample air for the PSAP was treated with a diffusion dryer to reduce the RH to below 40%. Two major smoke events Figure 12 . (a and b) Time series of minute-averaged photoacoustic and PSAP filter-based aerosol light absorption for particles generated by a wild fire at Fort Ord near Seaside, California. In-plume measurements were accomplished at an altitude above ground level to 400 m, and the plume was very white, indicating a high single scattering albedo. Note that the PSAP data were not corrected for scattering offset and that this correction for such a ''white'' aerosol makes a large effect. The time range is broken up into two parts for clarity. occurred during CSTRIPE, and will be discussed in this subsection.
[38] The first event was a large oil fire in Moss Landing, California, located near Monterey. A Reuters News Service description of the fire is given here (Reuters News Service, 2003) . SAN FRANCISCO, July 8 (Reuters) -A fire broke late on Tuesday in an abandoned fuel tank at Duke Energy Corp.'s (nyse: DUK -newspeople) Moss Landing power plant on the California coast near Santa Cruz, the company said. A Duke spokesman said the fire had not affected the plant's generating capacity of 2,500 megawatts, roughly enough electricity to run 2.5 million California homes and businesses. 'We had 19 obsolete fuel oil tanks on the site. We were dismantling the last of them when the contractor reported that residual fuel oil in one of the tanks ignited,' said Pat Mullen, a spokesman for Duke Energy. There were no injuries reported and the local fire department had contained the fire to the one tank, he said. The burning tank contained only residual oil, Mullen said, adding that the plant no longer burns oil since the generating units have all been upgraded to burn natural gas. The California power grid was operating earlier on Tuesday with ample supplies of electricity available, according to the state grid operator.
This fire produced copious black smoke that was clearly visible from the Otter's aircraft hangar in Marina, California.
[39] Figure 10 is a time series of an Otter flight through the oil smoke at an altitude of around 230 m. If the oil burns as a rich kerosene lamp flame the aerosol single scatter albedo at 676 nm could be as low as 0.28 [Arnott et al., 2000; Sheridan et al., 2005] . Levels as high as 250 Mm
À1
were observed, though when out of the plume the background was very low as illustrated near 20:30. This time series is has an explicit 2 minute time average applied to both the PSAP and photoacoustic data. The PSAP data were not corrected for scattering offset though it should be very small in this case of dark aerosol. It is much more likely that the reduction of the filter multiple scattering enhancement factor not currently well understood for the PSAP when such dark aerosol are encountered may have played a role. This effect is illustrated in a scatterplot of PSAP and photoacoustic light absorption measurements as shown in Figure 11 , based on the data shown in Figure 10 . PSAP values are lower than photoacoustic values, even with no scattering correction as also observed during the Reno Aerosol Optics Study when aerosol with low single scatter albedos were studied .
[40] Nine days later conditions had dramatically changed. The oil tank fire was extinguished, though a new fire at Fort Ord near Marina, California, had broken out. By contrast, this fire looked very white to observers. The fuel source was local vegetation and possibly abandoned structures. Figures 12a and 12b show a two-part time series of photoacoustic and PSAP measurements of aerosol light absorption at 676 nm and 660 nm, respectively. Notice that the PSAP values are generally in excess of photoacoustic values as a result of not subtracting the scattering offset caused by the ''white'' particles on the PSAP measurements. The scatterplot in Figure 13a quantifies the comparison of PSAP and photoacoustic measurements, and shows the PSAP values are larger by a factor of 1.33. A hypothetical constant aerosol single scattering albedo of 0.943 was first used to calculate the scattering coefficient from the photoacoustic values, and then 2% of Figure 12 . In Figure 13a , uncorrected PSAP values are 1/3 larger than photoacoustic values, likely because of the effect of scattering aerosol on the PSAP measurements. For example, if 2% of the aerosol scattering coefficient is measured as apparent absorption by the PSAP, an aerosol single scattering albedo of 0.943 would give the observed slope of 1.33 shown above, assuming that a perfect slope is unity, as shown in Figure 13b . From the whiteness of the smoke to the visible eye it is likely that this single scattering albedo is reasonable. this hypothetical scattering amount was subtracted from the PSAP values as implied by the Bond correction [Bond et al., 1999; Virkkula et al., 2005] . This value of single scattering albedo was chosen to optimize agreement of data from these instruments, and was accomplished as a sensitivity study to give a feel for the magnitude of the PSAP scattering cross section for this aerosol composition. This single scattering albedo is consistent with the visual observations of the smoke. Finally, Figure 14 shows a vertical profile of light absorption from this flight for both PSAP and photoacoustic data. The fire plume was confined to levels below about 350 m and light absorption above 1 km was quite low.
[41] The choice of a single scattering albedo of 0.943 was evaluated by computing aerosol light scattering using Mie theory and particle size distributions from aircraft measurements. Light scattering was approximated using three aerosol sizing instruments deployed on the Twin Otter: The Dual Autostatic Classifier Aerosol Detector System (DACADS), which measured mobility diameter from 0.012 mm to 0.7 mm; the Passive Cavity Aerosol Spectrometer (PCASP), which estimates the diameter of individual particles in the 0.1 mm to 3 mm range on the basis of the intensity of light scattered by angles ranging from 35°to 155°; and the Cloud and Aerosol Spectrometer (CAS), which estimates the size of individual particles in the 0.7 mm to 100 mm size range on the basis of the intensity of light scattered by 4°-13°. Particle refractive indices were chosen to be (1.5,0.01) and (1.5, 0.02) for this sensitivity study, where the first and second numbers are the real and imaginary parts of the refractive index. Time series of light absorption were computed from these scattering calculations by assuming single scattering albedos in the range of 0.92 to 0.96. While the single scattering albedo (and hence particle refractive index) appeared to vary during the Fort Ord fire, the value of 0.943 was a reasonable midrange value to use for the semiquantitative subtraction of the scattering amount from the PSAP data. This sensitivity study indicates that the PSAP scattering correction given in Figure 13b is reasonable.
Conclusions
[42] Long-range transport of aerosol from intense fires [Bodhaine et al., 1992; Damoah et al., 2004] is likely a common feature of the climate system. In situ characterization of such smoke adds much insight and complements remote sensing methods. This paper shows the feasibility of using resonant photoacoustic instrumentation for aircraft sampling of aerosol light absorption. Purely acoustical issues associated with use of a microphone on an aircraft were discussed first, and it was shown that it is reasonable to expect the microphone transducer to maintain its calibration aloft. Then an example of aerosol light absorption from very long range transport was presented as well as examples from flights close to the source of both very dark fires where aerosol light absorption dominates extinction, and very ''white'' fires where aerosol scattering dominates extinction. A metric was described to use when assessing the photoacoustic data quality aloft. The photoacoustic instrument has its very unique advantage in its large dynamic range that makes it suitable to measure aerosol light absorption both very near fire sources as well as far downwind. The photoacoustic instrument provides a nonfilter based measurement method, and it further constrains the uncertainties in our understanding of aerosol light absorption. 
